During the process of concentration of bile by the gallbladder, water and electrolytes are absorbed, leaving behind bile acids, bilirubin pigment, and other substances to which the gallbladder epithelium is not permeable. It has recently been postulated (1) that this resorptive process depends upon a "neutral" ion pump in the gallbladder epithelium that transports sodium, anions, and water out of the bile into the blood. Hepatic bile is thus progressively converted from a solution in which the major ions are sodium, chloride, bicarbonate, and bile acid to concentrated gallbladder bile, which consists predominantly of sodium and bile acid ions. Bile remains isosmotic with the serum during this transformation in composition. Since the osmotic coefficient of sodium bile salt is, on the average, only about 0.45 (2) , the total concentration of ions in concentrated bile must be about twice that of serum. Typically, whole bile sodium and bile acid concentrations are of the order of 300 mEq per L each.
During this concentrating process, changes also occur in the levels of potassium, which increase from 4 to 5 mEq per L in newly formed hepatic bile to 10 to 14 mEq per L in concentrated gallbladder bile. This increase in potassium concentration has been assumed to be due to "secretion" of potassium ions by the gallbladder epithelium or to a Donnan effect produced by the nondiffusible bile acid ions (3, 4) . However, if a potential difference exists between the mucosal and serosal surface of the gallbladder and if potassium is freely diffusible across the epithelial membrane, then this ion would become distributed between the bile and the blood as predicted by the Nernst equation. The present studies were done to measure these potential differences and to demonstrate if they do indeed affect potassium distribution across the gallbladder epithelium.
Methods
Gallbladder preparations. Three types of rabbit gallbladder preparations were used: the isolated everted gallbladder, the isolated noneverted gallbladder, and the in vivo cannulated gallbladder. Adult male rabbits weighing 3.0 to 4.5 kg were anesthetized with 100 to 150 mg of sodium pentobarbital administered slowly into an ear vein. The abdomen was opened, the cystic duct was clamped and cut, and the gallbladder was stripped upward from its bed on the liver with the aid of small scissors. The neck of the gallbladder was cut across just distal to where it joined the cystic duct, and the organ was immediately everted on a fine glass rod. It was then placed in a tray of Tyrode's solution at 370 C and secured on a tapered glass cannula with silk ligatures. The mucosal (outside) surface of the gallbladder could now be exposed to different experimental solutions by simply transferring the cannulated gallbladder from container to container. Solutions on the inner, or serosal surface, were changed by introducing a fine catheter down the glass cannula into the serosal compartment and aspirating and refilling with a small syringe. The mucosal and serosal fluid levels were maintained at equal levels. Care was taken not to overdistend the gallbladder, since this appeared to change the permeability characteristics of the epithelial membrane.
Studies were also done on gallbladders that were handled in an identical manner except that they were not everted. or mucosal surface to small volumes (0.75 to 1.50 ml) of such test solutions as whole bile. Systematic determination of permeability constants for several ions in both the everted and noneverted gallbladders gave identical results, indicating that eversion did not alter the permeability characteristics of the epithelial surface. All in vitro studies were done in a constant temperature water bath at 370 C.
In vivo preparations were made in rabbits maintained on intravenous sodium pentobarbital anesthesia. From 10 to 50 mg of the barbiturate was administered into an ear vein each hour depending upon the apparent level of anesthesia in the individual animal as judged by its respirations and corneal reflex. Animals could be maintained for up to 4 hours in this manner. After opening the abdomen the cystic duct was isolated from the cystic artery and tied. A small incision was made distal to the tie, and a polyethylene catheter was inserted into the apex of the gallbladder until it protruded 1 to 2 mm intQ the lumen. Silk ligatures were used to secure the catheter in place. The mucosal surface could then be washed and exposed to the gallbladder. To avoid damage to the gallbladder preparations from potassium diffusion out of the bridges, the KCl-filled catheters were left in place only long enough to obtain reliable voltage measurements; usually less than 1 minute was required to reach a stable reading. The salt bridges led to two balanced calomel cells, which were connected to a high impedance volt meter.' Appropriate corrections were made for day to day electrical imbalance in the system (±+0.5 mv). The sign of the potentials is always expressed in terms of the mucosal voltage with respect to the serosa. Variation from the mean values is given as 2 SD (95% confidence limit).
Activity determinations. The activities of sodium and potassium in various mixed solutions were measured by means of sodium and potassium specific glass electrodes, respectively.2 The electrodes used are described in detail elsewhere (2, 5) . Activity coefficients (,y) were calculated by dividing the activity of a particular ion, as determined by the appropriate electrode, by the concentration of that ion, as determined by flame photometry. Potential differences were also measured when the mucosa of the noneverted, in vitro gallbladder was exposed to rabbit whole bile. In these studies Tyrode's solution was again the serosal fluid. In Figure 2 centrations that varied from 250 to 335 mEq per L. Potentials in the in vivo gallbladder. To demonstrate that similar potentials exist in the in vivo gallbladder, sulfate test solutions and whole bile samples were introduced into gallbladders left in situ, and potential measurements taken. In this experimental preparation the animal's blood perfused the serosal surface of the epithelial membrane. Figure 3 illustrates the magnitude of the potentials that developed in five in vivo gallbladders which were sequentially filled with a series of sulfate test solutions of varying sodium concentrations. These potentials fell from + 14.6 + 3.2 to -7.4 ± 1.4 mv as the mucosal sodium concentration was progressively increased from 20 to 220 mEq per L. When the in vivo gallbladder was filled with whole bile, potentials developed between the mucosa and serosa that varied from -6.5 to -18.0 mv as the sodium concentration ranged from 180 to 330 mEq per L in the various bile samples. The data for 20 such experiments are plotted as the solid circles in Figure 2 .
Results
Thus, when either sulfate test solution or whole bile was placed in the functioning gallbladder in vivo, potential differences developed between the mucosal and serosal surfaces. When the intraluminal solution had a very low sodium concentration, the mucosa became positive with respect to the serosa; however, over the entire range of sodium concentrations encountered physiologically in bile, the mucosal surface was negative with respect to the serosal surface. Potassium concentration in the mucosal solution at equilibrium. The experiments cited indicated that the magnitude and sign of the potential difference across the gallbladder epithelium varied with the sodium concentration in the mucosal solution. If the distribution of potassium across the gallbladder epithelium were influenced by these potential differences, then the potassium concentration in the mucosal solution at equilibrium should also vary with the mucosal sodium concentration. noted, and potassium concentrations were determined. Because the test solutions contained sulfate and mannitol, neither of which readily penetrates the epithelial membrane, no net electrolyte or water absorption occurred from the gallbladder during the test period. Hence, after 1 hour the volume of the test solution either remained unchanged or increased by a slight amount (up to 5%o of the original volume). The potassium concentration shifted up or down from the initial value of 3.5 mEq per L depending upon the sodium concentration (and hence the potential of the mucosa) in the test solution. Such changes usually occurred within 30 minutes, but the test period was prolonged to 1 hour to make certain that potassium equilibration across the epithelial surface was complete. The solid circles in Figure 4 Figure 4 represent the equilibrated potassium concentration plotted against the sodium concentration in 37 bile samples. The same trend is apparent; the higher the sodium concentration (and the more negative the mucosa), the higher is the potassium concentration at equilibrium. Di Figure 2 and Figure 3, Figure 5 .
Experimental potassium activities at equilibrium. The data in Figure 4 show the experimentally determined potassium concentrations found in the gallbladder contents at equilibrium. To compare these individual points to the theoretical curves in Figure 5 each potassium concentration value must be converted to potassium activity. This (2) .
From the data thus obtained it is possible to approximate activity coefficients in mixed solutions of sodium and potassium sulfate and of sodium and potassium deoxycholate ( Figure 6 ). For example, in a solution containing 5 mEq per L of K2SO4 and 150 mEq per L of Na2SO4, the activity coefficient for the potassium ion is about 0.647. In a similar solution of 5 mEq per L of potassium deoxycholate and 150 mEq per L of sodium deoxycholate, the activity coefficient of the potassium ion is about 0.539. These, of course, are activity coefficients measured in pure solutions. In the sulfate test solutions left in the in vivo gallbladder for 1 hour other ions such as chloride and bicarbonate enter the solutions, causing some deviation from these predicted activity coefficients. However, the deviation should be small, since these ions are present in relatively low concentrations. Concentrated rabbit bile also contains small amounts of calcium, chloride, bicarbonate, and other ions; however, the concentration of these substances is also low compared to sodium and bile acid ions.
The predominant bile acid present in rabbit bile is the glycine conjugate of deoxycholic acid (7). Since activity coefficient values do not appear to be affected by conjugation (2), potassium activity coefficients in rabbit whole bile are approximated by values obtained in pure deoxycholate solutions. Thus, in the conversion of the observed potassium concentration values (Figure 4) to appropriate activity values each bile sample was considered a pure mixture of sodium and potassium deoxycholate, and activities were calculated by using the activity coefficients presented in Figure 6 . Similarly, each sulfate test solution was considered a pure mixture of sodium and potassium sulfate, and the conversion of potassium concentration at equilibrium to potassium activity was effected by the use of the appropriate activity coefficient from Figure 6 .
The resulting "observed" potassium activities in sulfate test solutions and in 37 native bile samples are plotted in Figure 5 . There is close correlation between these observed potassium activities and the calculated values (solid lines) predicted from the Nernst equation. The data indicate that over a wide range of potential differences across the gallbladder wall potassium becomes distributed between bile and serum according to existing electrochemical gradients. Discussion These experiments demonstrate the relationship between the transmucosal potential difference in the gallbladder and the bile potassium concentration. Although not specifically investigated in the present study, enough information is now available concerning ion movement in the gallbladder to allow speculation as to the source of this potential difference. At least three phenomena may result in electrical potentials across biologic membranes: 1) active ion transport across the membrane (transport potentials), 2) transmembrane osmotic gradients (streaming potentials), and 3) transmembrane ionic activity gradients (diffusion potentials). It is unlikely that either of the first two possibilities, i.e., transport or streaming potentials, accounts for the potential differences measured in these experiments. Although the gallbladder epithelium actively transports sodium, unlike many other epithelial sur- faces it develops essentially no transport potential. For example, the fish (1) and everted rabbit gallbladder (8) transport electrolytes, but when bathed on both surfaces with identical physiologic solutions only a few millivolts potential difference develops across the epithelial surface. This observation apparently is explained by interdependent transport of sodium and anions resulting in a "neutral" pump mechanism (1). Furthermore, iodoacetate, which is known to stop active solute transport in the gallbladder ( 1, 8) , does not alter the magnitude of the potential differences measured in in vitro gallbladders in this study. Streaming potentials have been measured across the isolated gallbladder when water movement is induced by large osmotic gradients across the epithelial surface (8, 9) . In the present study, however, no such gradients existed, since all test solutions were kept isosmotic with blood.
In the various experimental situations large differences in ionic composition usually existed between the sulfate test solutions or whole bile bathing the mucosal surface of the gallbladder and the Tyrode's solution or animal's blood perfusing the serosal surface. These transmembrane ionic activity gradients undoubtedly result in the production of diffusion potentials that probably account for the potential differences which were measured in the present study. If this is true, the Hodgkin-Katz equation (10) should predict the magnitude of the potential difference (6). With the major univalent ions in serum, bile, and the sulfate test solutions considered, the equation takes the following form at 370 C (1):
where E is the potential difference; (ion)8. and (ion)m refer to ionic concentration of the serosal and mucosal fluid, respectively; (BS) represents bile salt; (y) is the activity coefficient of the ion in its respective solution; and (P) is the permeability constant for each ion relative to sodium. The potential difference is plotted against the log of the ratio of the serosal to mucosal sodium concentration.
See legend to Table I for detailss of the calculations of the predicted curves.
The relative permeability constants in the rabbit gallbladder have been determined (8) , and for Na+: K+: Cl-: BS-they equal 1.00:1.50:0.33: 0.00.
A comparison of the potential differences found experimentally and those calculated from the Hodgkin-Katz equation is shown in Figure 7 and Table I . The data in Figure 7 demonstrate the close agreement between the measured and theoretical potential differences in in vitro and in vivo gallbladders filled with sulfate test solutions.
Actually the correlation between these two sets of curves is probably even closer than shown in Figure 7 because, for the purpose of calculation, the gallbladder mucosa was considered to be completely impermeable to sulfate ion, i.e., in the Hodgkin-Katz equation Pso4 was considered equal to zero. This assumption is not strictly true for in the rabbit sulfate ion does penetrate the gallb)ladder epithelium to a limited degree (8) .3 Because of this sulfate "leak," the magnitude of the calculated potentials would be lower so that in Figure 7 the predicted curves would even more closely approximate the experimental curves. In Table I bladder epithelium decreases the chloride and bicarbonate concentration and raises the level of sodium bile salt to about 300 mEq per L. Ionic activity gradients between serum and bile, principally for sodium and chloride, cause the mucosa to become 16 to 19 mv negative to the serosa. Because of this electrical gradient, the activity of potassium in bile must be about twice as high as in serum, if this passively transported ion is to remain in electrochemical equilibrium across the gallbladder epithelium. Because the activity coefficient of potassium in whole bile is lower than the activity coefficient of potassium in serum the bile potassium concentration is about three times that of the serum.
Summary
During the process of bile concentration by the rabbit gallbladder, the potassium concentration increases from 4 to 5 mEq per L in newly formed hepatic bile to 10 to 14 mEq per L in concentrated gallbladder bile. This increase in potassium concentration has been assumed to represent "secretion" of potassium ions by gallbladder epithelium or a Donnan effect produced by nondiffusible bile acid ions. The purpose of this study was to determine whether this bile-serum concentration gradient for potassium could be explained by electrical potentials across the membrane. Potential differences were measured across in vivo and in vitro rabbit gallbladders and were found to be directly related to sodium concentration in the mucosal bathing solution. Theoretical bileserum potassium distribution was then calculated from the Nernst equation. Potassium activities in sulphate test solutions and bile were estimated from previously derived activity coefficients determined by sodium-and potassiumn-selective glass electrodes. A close correlation was found between observed potassium activities and those predicted by the Nernst equation according to existing electrochemical gradients. There was no evidence of an active secretaryy" process. The data suggest that the high potassium levels in concentrated gallbladder bile result from passive transport phenomena.
